Abstract Superoxide dismutase (SOD), a well known antioxidant enzyme, is known to exert its presence across bacteria to humans. Apart from their well-known antioxidant defense mechanisms, their association with various extremophiles in response to various stress conditions is poorly understood. Here, we have discussed the conservation and the prevalence of SODs among 21 representative extremophiles. A systematic investigation of aligned amino acid sequences of SOD from all the selected extremophiles revealed a consensus motif
Introduction
Extremophiles are microorganisms, which can withstand severe environmental conditions like extreme levels of gamma radiation, temperature, salt-stress, acidic or alkaline conditions. Based on their forbearance, they are categorized as radioresistant, psychrophiles, thermophiles, halophiles, acidophiles and alkaliphiles, respectively [1] . Such type of various stress conditions encountered by these extremophiles result in the formation of reactive oxygen species (ROS) like superoxide, hydroxyl and singlet oxygen, which ultimately cause cell death. These ROS are quenched naturally by some antioxidant enzymes (AOE) like superoxide dismutase (SOD), catalase, glutathione peroxidase, metal ligands (Fe, Mn, Cu, Zn, and Ni) and ubiquinone [2] . Superoxide dismutase (SOD; EC 1.15.1.1) is a class of closely related metallo-antioxidant enzymes that catalyzes the breakdown of the superoxide anions into oxygen and hydrogen peroxide. They act as the first line of defence to ROS and have been categorized on the basis of their metal ligands like Cu/ZnSOD, NiSOD, FeSOD and MnSOD, commonly found in both prokaryotes and eukaryotes [3] . Based on 261 aligned sequences and 12 X-ray structures, it has been coherently shown that dimeric forms of MnSOD or FeSOD are emblematic for bacterial systems, but a tetrameric form of Mn-or FeSOD has also been shown in some prokaryotes, especially in hyperthermophiles [4] .
Although investigators have been studying the role of SOD in quenching of ROS in a variety of microorganisms, comparatively little is known about the possible role of SODs in extremophiles, tolerating various stress conditions. In case of extremophiles, some existing reports demonstrate another prominent role of SODs in Deinococcus radiodurans, a very well known bacterium which is extremely resistant to both oxidative stress and ionizing radiation [5] . Superoxide dismutase (sodA) mutant of D. radiodurans was shown to exhibit a radiosensitive phenotype than the wild type, suggesting the potential role of SODs in regulating radioresistance properties [6] . In a recent study, up-regulated expression of several enzymes related to oxidative stress conditions like catalase (DR1998) and Mn -dependent superoxide dismutase (DR1279) were observed in the case of D. radiodurans in response to 6 kGy dose of gamma irradiation, which further strengthens their possible role in radiation resistance [7] .
Up-regulation of SOD has also been reported in Caulobacter crescentus in response to heavy-metal toxicity, which shows the possible role of SODs in another stressful condition [8] . Evidences from the mentioned reports bring to light the immense pivotal role that SODs may play in rescuing the effects arising under various stress conditions.
To gain a more comprehensive understanding about the role of SODs in various stress-responses, we selected Exiguobacterium sp., a gram positive extremophile which is tolerant towards high doses of gamma radiation, high salt stress conditions and has the inherent ability to grow within a temperature range of -2.5 to 40°C [9] . Exiguobacterium, like other extremophiles possesses a free radical scavenging activity due to the presence of antioxidants like glutathione, catalase and SODs [10] . However, unlike most extremophilic microorganisms, biology of Exiguobacterium sp. and its adaptability to survive in such extreme environmental conditions is poorly understood. Accumulating evidences from different molecular studies and unusual behavior of Exiguobacterium, prompted us to further study the role of SOD in rescuing such type of stress conditions and their conservation among various extremophiles.
Materials and Methods

Sequences Retrieval and Phylogenetic Analysis
The amino acid sequences of SOD from 21 extremophiles were retrieved from NCBI Protein sequence database. These sequences were aligned using ClustalW with default parameters [11] and conservation of amino acids based on their chemical nature was plotted as a circos plot using Circos [12] . The phylogenetic analysis of 16S rRNA and SOD sequences were performed by neighbor-joining method using Mega5 [13] .
Comparative Modeling of SOD and its Evaluation
A 3D model of Exiguobacterium sibiricum SOD was built using Modeller 9.10 with default parameters [14] . The predicted structure was first evaluated by Ramachandran plot [15] using the PROCHECK server [16] . To check the reliability of predicted model, Z-score was computed using PROSA-web [17] and secondary structures were predicted using PHYRE [18] . The 3D structure of the template and target were aligned and their root mean square deviation (RMSD) value was calculated using matchmaker tool of the chimera package [19] . The energy of predicted model was compared with other PDB structures of similar sizes using qualitative model energy analysis (QMEAN) server [20] . The different physicochemical properties of the predicted SOD model were calculated using ProtParam [21] . Next, subcellular localization was predicted using CELLO v.2.5 and PSORTb [22] .
Functional Analysis and Structure Visualization
The conserved patterns and family of protein based on sequence were searched extensively using different bioinformatics databases such as PROSITE [23] and Pfam [24] . All the structural analysis such as superimposition and visualization were carried out using chimera package [19] . The metal ion specificity and oligomerization mode of the predicted SOD model was identified using SODa webtool [25] .
Results and Discussion
Phylogenetic Analysis of SOD Reveals D. radiodurans as a Close Neighbor of E. sibiricum Amino acid sequences of SOD were retrieved from 21 extremophilic microorganisms, belonging to different categories of extremophilic environments. These 21 extremophiles comprised; 1 radioresistant, 2 thermophiles, 3 thermoacidophiles, 5 acidophiles, 3 halophiles, 2 haloalkaliphiles, 3 lithotrophs and 1 metallotolerant extremophilic microorganisms, randomly selected from archaea to eubacteria (Supplementary Table 1 ). To investigate the common distribution patterns between SOD sequences from different extremophiles, a comparative analysis was performed by aligning their amino acid sequences using Clustal-W. The multiple sequence alignment showed that the SOD sequences of these extremophiles are highly similar, suggesting extremophiles have evolved through common ancestors during evolution ( Supplementary  Fig. 1 ). Amino acid residues with similar chemical properties were also found to be conserved at many positions in different extremophiles, as illustrated by bacterial circos plot ( Fig. 1; upper panel) . This indicates that these residues were crucial in maintaining the structure of protein, since structure remains more conserved during the course of evolution. Next, we searched for conserved motifs found in amino acid sequences of SOD from different extremophiles to predict key residues of the protein ( Supplementary  Fig. 1 ). Interestingly, it was observed that SOD sequences of 11 extremophiles; Thermus thermophilus, N. europaea, H. neopolitanus, E. sibiricum, D. radiodurans, C. salexigens, C. metallidurans, C. aurantiacus, B. subtilis, A. capsulatum and A. acidocaldarius, had a conserved pattern of a metal binding motif DVWEHAYY with 100 % identity ( Fig. 1; middle panel) , as reported earlier in the case of cyanobacterial SODs [4] . On an average, it was found that SOD of all the selected extremophiles shared a consensus
suggesting that these residues might play a role in the maintainence of structural and functional activity of the protein ( Fig. 1;  lower panel) .
Furthermore, the distance score was calculated between each pair of extremophiles to examine their evolutionary divergence (Supplementary Table 2 ), which revealed that seven of the extremophiles had higher similarity forming a cluster, as shown in heatmap diagram (Fig. 2a) . Based on our analysis, SOD of E. sibiricum showed a high degree of conservation score with D. radiodurans, Alicyclobacillus acidocaldarius and T. thermophilus suggesting that structure and function of E. sibiricum's SOD is more similar to SOD of these three extremophiles. Next, a phylogenetic tree based on SOD sequences was constructed, which revealed that E. sibiricum and D. radiodurans belong to the same cluster and follow the same evolutionary path (Fig. 2b) . To strongly build up the relationship, a phylogenetic tree based on nucleotide sequences of 16S rRNA was constructed (Fig. 3) . In spite of an evolutionary distant relationship between E. sibiricum, D. radiodurans and T. thermophilus which was based on 16S rRNA, all the three microbes showed the highest similarity of SODs. This further strengthens our prediction about the important role of SOD with special reference to tolerance of high dose of gamma radiation and high temperature.
Homology Modeling of SOD and its Evaluation
Homology modeling is one of the methods used for in silico structure modeling of proteins, provided the structure of homologous sequence has been resolved using X-ray crystallography or nuclear magnetic resonance (NMR). Since structure of SOD of E. sibiricum has not been resolved yet, we searched for its homologous sequences using Blastp against Protein Data Bank to build its 3D-model. The results showed several homologs of E. sibiricum SOD sequence, but SOD of D. radiodurans (PDB ID: 1Y67) was selected as a template based on its higher sequence identity, coverage and lower e-value. The pairwise alignment of E. sibiricum and D. radiodurans sequences showed 63 % identity with 75 % similarity (Fig. 4) . Using pairwise alignment five models of target were designed which took into consideration of the various restrictions such as, bond lengths, bond angles and dihedral angles for structure modeling. Out of five, the model with higher number of residues in allowed regions of Ramachandran plot was finally chosen. To improve the modeled structure, the energy was minimized using YASARA server [26] . The final model consists of three strands, twelve helices and eleven turns (Fig. 5a-c ) that was superimposed with a template structure which showed the RMSD value (Fig. 5d) . Several metrics have been actively developed using computational methods to check the reliability of the predicted model. To validate the model, secondary structure of SOD was predicted by using PHYRE, which fully supported its predicted 3-dimensional model. Further, the Ramachandran plot of target structure showed 93 % of residues in most favoured regions, 5 % in additional allowed regions, 1 % in generously allowed regions and remaining 1 % in disallowed regions (Fig. 6a) . In order to check the quality of the predicted model, Z-score was calculated which signifies the energy of the predicted models in comparison to distribution of random conformations. The Z-score was found to be -8.36 which was within the range usually seen for similar sizes of proteins (Fig. 6b ). The local model quality was checked by plotting energies as a function of residue position using PROSAweb. The negative energy value of most of the residues further indicates the good reliability of predicted structure (Fig. 6c) . Next, QMEAN was employed to assess the quality of the model. The QMEAN z-score [-3 indicated that correct folds have been predicted for SOD model (Fig. 6d) . Moreover, we calculated different physicochemical properties of SOD which showed that SOD had a molecular weight of 22.638 kDa and 5.27 isoelectric point (pI). A pI \7 indicates a negatively charged protein with 202 amino acids with an instability index of 32.54. The Grand average of hydropathicity (GRAVY) score was predicted to be -0.461, indicating its hydrophilic nature. All these measures confirmed the good quality of the predicted model and it was finally submitted to the protein model database (PMDB ID: PM0078260).
Structural and Functional Annotation of SOD
Sub-cellular localization analysis of protein helps to uncover the component of cells, where the protein is found in its active state. In line with the earlier studies, SOD was predicted as an extra-cellular protein. Next, the Pfam and PROSITE database were scanned using Scanprosite, to find out protein families and patterns in SODs. SOD belongs to two protein families; PF00081 and PF02777, both representing SODs family. The pattern
) (where; X is any residue) from PROSITE was predicted to be present in SOD of E. sibiricum from residue 164 to residue 171. The superposition of tertiary structure showed [95 % structural overlap and the comparative modeling also showed that the homologs indeed shared two longest common structural motifs of 19 and 14 amino acid residues; YA-YDALEPHIDARTMEIHH (at 8th position) and DVWE-HAYYLNYQNR (at 171 position), respectively (Fig. 5a) . The metal ion specificity and oligomerization state (dimer Table 1 ). Interestingly, existence of SODs from D. radiodurans and T. thermophilus were found to be the same as was in E. sibiricum (Mn-dimer) with 100 % fingerprint score. Hence, it might be possible that bacterium with radioresistance and thermophilic properties could acquire the Mn-SOD.
These studies reiterate that E. sibiricum shows a similar environmental tolerance as that of D. radiodurans. Further experiments on the SOD structure of Exiguobacterium sp. would help to resolve the unusual behaviour of this extremophile and its mode of action in the various metabolic pathways, and its evolutionary hierarchy will provide more insight into this extremophilic antioxidant. It was tempting to speculate that SOD might play an important role in rescuing stress conditions thus enabling E. sibiricum to grow at high doses of gamma radiation, salt-stress and at a wide range of temperature. In the near future, E. sibiricum may be used as an extremophilic model for investigating the stabilization of some new biomolecules, when exposed to these extreme conditions. Fig. 6 a Ramachandran plot of predicted model of E. sibiricum superoxide dismutase (SOD) representing 166 residues in the most favoured region (red), 9 in additional allowed regions (yellow) and 2 in generously allowed regions (light yellow), 2 in disallowed regions (white) with 13 glycine (shown in triangle) and 8 proline residues, respectively; b A Z-score of -8.36 for predicted model with 202 residues calculated using PROSA-web is shown as black rectangle along with Z-scores of all PDB structures solved using X-ray crystallography (light blue region) or NMR spectroscopy (dark blue region); c Residue-wise energy plot of SOD model using sliding window sizes of 10 and 40 residues; d The circles with different shades of black colours shows the QMEAN score for various PDB structures and green rectangle shows the same for predicted SOD model. (Color figure online) 
